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TRANSPORT COEFFICIENTS AND CROSS SECTIONS IN
ARGON AND HYDROGEN-ARGON MIXTURES*

A. G. Engelhardt and A, V, Phelps
Westinghouse Research Laboratories, Pittsburgh 35, Pernsylvania

ABSTRACT

w_ye distribution function of

electron energies for electrons in argon and mi_xtures of hydrogen and argon
hsov-vb,::n obtaived by a numerical solution of the Boltzmann equation which takes
into account elastic and inelastic collisions. By taking appropriate averages
over the distribution function, the electrom drift velocity w, magnetic drift
velocity “24)\ and characteristic energy ‘T('\*;:; computed, A comperison of
calculated and experimental values of these transport coefficients enables us,
in the case of pure argon, to extend the previous work of Frost and Paelps and
derive the momentum trensfer cross section from 0.7 to 25.0 eV, The momentum
trensfer and inelestic collision cross sections derived in this paper for ergoa

and previously for hydrogen give rise to transport coefficients in mixtures

of these two gases which are consistent with most of the available experimental

date. w

* This research wes supported in part by the Advanced Research Projects Agency

through the Office of Naval Resezrch.
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I. INTRODUCTION

Previous determinations'™®  of momentum transfer and inelastic
collision cross sections for electrons in inert and molecular gases provide
motivation for calculations which verify the validity of these cross sections.
The method which is described in this paper provides such a verification in
terms of a comparison of experinental and theoretical values of transport
coefficients for binary mixtures of hydrogen and argon. Our choice of argon
as the inert component and hydrogen as the molecular one was suggested by the
observation of a number of invultigatorls-7 of a large change of electron
drift velocity produced by small concentrations of H2 in Ar, and by the availa-
bility of previous detem:lnationa3 of the momentum transfer cross sections
in Ar and of elastic and inelastic cross sections in hyclrogen.l’2 In order to
be able to perform calculations for regions of higher electron energy, the
determination by Frost and Phclps3 of the momentum transfer cross section Qm
in argon for electron energies less than 0,7 eV was extended to an energy of
approximately 25 eV. 1In these calculations we have used the argon inelastic
collision cross section determined experimentally by Hnier-Loibnitz.s

The procedure adopted is essentially the same as that discussed by
Frost and Phclpll (hereafter called I) and Engelhardt and Phelpsa (hereafter
called II); therefore, we shall 8ive only a brief outline here., The
Boltzmann equation (i.e., Eq, (11.2))9 is solved numerically for the distribution
function £ of electron energies taking into account both momentum transfer and

inelastic collisions. In I and II, cross sections were obtained by comparing
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experimental and theoretical values of various combinations of transport
coefficients--the diffusion coefficient D, the mobility u, and the Townsend
primary ionization coefficient a; all of these transport coefficients were
obtained by taking the appropriate average over the distribution function

(see Eqs. (II.6) to (II.12) inclusive). We have used this technique here with
slight modifications in deducing cross sections for pure argon. In the case
of mixtures of hydrogen and argon, the previously derived cross sections were
checked by comparing experimental and calculated values of the drift velocity

= eD/u. In this paper
7,10

w = uE and, in one case, the characteristic energyz &

ve also compare our calculated results with measurements of the "magnetic"
drift velocity “ for the configuration of crossed electric and small magnetic

fields. Following rounlend1° ve define " by
v
E <+
Rl )
T

Here v, is the drift velocity perpendicular to both electric and magnetic
fields, and o is the drift velocity transverse to the magnetic field but
parallel to the electric field; the ratio w.‘_/\qr is the tangent of the angle

through which the electrons are deflectcd.lo For an energy independent
1/2

Q- = const,

vhere ¢ 1is the electron energy and m its mass, it can be shown that

frequency of momentum transfer collisions, vie, Y, = (2¢/m)

wy " v We shall see that in the case of pure argon the



condition V. = const. is not fulfilled, and that the deviations from this

relation are as large as a factor of four,
II. MOMENTUM TRANSFER AND INELASTIC CROSS SECTION FOR ARGON

In this section we consider the determination of the argon momentum
transfer cross section in the energy range from 0.7 to approximately 25 ev;
.the cross section for energies less than 0.7 eV is discussed in reference 3.
This cross saction is shown in Fig. 1. The dashed momentum transfer cross
section, Ou, represents the original result obtained by Frost and Phelpcn
by adjusting Qn to fit only the cxpetiunui drift velocity data.la Above an
energy of 15 aV this cross section is identical to that l.."CPOtth previously
by Batbicrc.n The so0lid curve is our final momentum cross section, Q“, for
- rargon. The portion of the solid curve below 0.7 eV is the result of later
calculations by Frost and Phe1p|3 in vhich the momentum transfer cross section
was modified so as to give a better fit to the % data of Warren and Parketm
at 77°k. The final Q A Curve has been coipnted by Frost and Phelps with the
results of electron beam experiments and recent theory, and comequ;ntly the
discussion will not be repeated here. Here we will prasent results for both
Q-T and Q A in order to show the effect of varying Qn. Also shown in Fig, 1
is the total effective inelastic cross aection8 with a threshold at 11,5 ev,
This inelastic cross section includes pProcessas whose energy loss is greater
than 11.5 eV, e.g., ionization. However, our calculations show that the values
of w, Vi and & do not change aignificantl; when, instead of the single
inelastic process shown, we use two cross sections having the same total

effective cross section, i.e., one for excitation and one for ionization,



Our procedure has been to compare experimental and
theoretical values of w and & and to make adjustments ir Qm an this basis.

In argon for ¢, less than approximately 7.0 eV, few electrons.have energies

K
great enough to experience inelastic collisions. In this case, one has only

one adjustable parameter, Qm(e) , and in principle one can obtain Qm by fitting

3

to a plot of either w or ¢ .vs B/N. However, as found by Frost and Phelps,

K
values of w are rather insensitive to the choice of Qm when w varies as slowly

7 Yecsl. Fortunately at the

with E/N as in argon for 10"¥% E/N<2x 107!
lower values of E/N, one can make use of © data to obtain more accurate Qm
values, Frost and Phe1p|3 were unable to obtain a unique Qm for energies greater
than 0,7 eV because of the dominating influence o;‘. the Ramsauer minimum, As
is indicated below, we believe one can overcome this difficulty by using mixtures
of 107% H, and 90% Ar. For ¢,< 7.0 eV we have assumed the inelastic collision
cross section of Maier-Leibnitz to be correct and have, therefore, n;gde appro-
priate adjustmerts only in Qm. We note that because of the decreasing ¢ at
high E/N (see Figs. 2 and 5) plots of vm/N and vu/N such as used in references
1 and 2 are not single valued and are of little use in our analysis of pure
Ar at high €ge

Shown in Fig. 2 is a plot of w, Wy aad € fer 77°k. The smooth
solid curves represent our calculations using QM, and the smooth dashed
curves represent our calculations using Qm'r’ the points represent the various

experimentel results of Warren and Parker, 14 Townsend and Baile;,57’ 10

1 6 1
Phelps, 2 Erret, Bowe, = Nielsen, 16 Riemann, LU Herreng ,18 and Caren. i The

Pack and

k] 2
theoretical results of Barbierel and Heylen arnd Lewis 2 are alsc shown as smooth
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curves, The € data of Warren and Parker from 0,06 to 1.2 eV was takea at
liquid argon temperature, 87%. Calculution53 show that from ¢ = 0.06 to
0.2 eV these experimental points should be shifted downward about 10% in order
to compare with the 77° calculations. In the case of the w data both QmA

and Q,r 81ve reasonably good agreement with experimeat up to an E/N of

46 V-cma. Above E/N = 10.16 V-cm2 the curve showing our final values of

10
w falls midway between the results of Erret aad those of Riemann, Herreng, and
Caren} in this region the w values found using Qm,r favor Erret's results,

That the final result Q oA TEPresents an improvement over Qﬁn’l‘ can be
concluded from the “k Plot where it is gseen that QmA yields very acceptable
agreement with the data of Warren and Parker. On the other hand by usirg Qﬁn’l"
discrepancies as large as 20% are obtained. We have been unable to obtain
agreement with the €x values of Townsend and Bailey for E/N near 10”7 \I-c:m2
using reasonable Qm curves, and so have chosen nct to foreca Qm to fit this
data. A similar unresolved discrepancy has beea found2 to exist over a portion
of the €x data in H2. In the case of Wy both QmA and Qm'l‘ give comparable
agreement with the results of Townsend and Beiley. Both cross sections yield
Wy values which change rapidly with E/N in the vicinity of E/N m 10716 V-cm®
where irelastic coliisions result ia an increased relative electron density
in the Ramsaver minimum, The large difference between w and Yy in this region
is an example of the deviation of the "magnetic deflection" factor from unityl
which is possible when el/ 2 Qm(c-:) varies rapidly with electron erergy.

Finally we note that in the highest regime of E/N studied, the &
values of Heylen and Lewiszo are approximately 507 greater than ours, Ir



performing their calculations these authors have used a piecewise analytical
approximation to the momentum transfer cross section wﬁich in principle should
not give rise to a distribution function significantly differeat from our

g V-cm?. Essentially the same inelastic cross sections8

own for E/N > 10!
are used in both analysis. However, a perusal of Fig., 3 indicates that there

are rather marked differences between the distribution function of Heylen and
Lewis and our own. Since their distribution function has more particles at

higher energies, it is to be expected that their value of € will be substentially
greater than our own. Moreover, we have compared our distribution function

- 2
obtained with E/N = 3,0 x 10 16 V-cm2 with that of Golant for E/N = 2,94 x

1016 V-cm? to discover that the two are almost identical and, incidentally,
not very different from our calculated F (€) shown in Fig, 3. The agreement
with Golant's result should not be too surprising since the elastic and
irelastic cross sections used by Golant are quite similar to our own, Con-
sequently we conclude that the method used by Heylen and Lewis to calculate

the electron energy distribution function can lead to large errors in the

transport coefficients as apparently is the case for Ar.
I11I1. MIXTURES OF HYDROGEN AND ARGON

A. Comparison with Experiment

The calculation of transport coefficients for mixtures of hydrogen
and argon stemmed from a desire to check the validity of previously derived

momentum transfer and inelastic cross sections for both H2 and Ar. Since argon



has no inelastic processes below 11,5 eV, it is possible for sufficiently low
values of € to scrutinize the inelastic processes of rotation and vibrationai
excitation in H2. The enhanced sensitivity of the transport coefficients to
inelastic processes with thresholds between about 0.5 and 10 eV is due to the
unusual shape of QmA which rises rapidly for €> 0,3 eV, Consequently the f(e)
in Ar drops rapidly for ¢ > €& and leads to a narrower energy spread than
in most other gases, Such a behavior is shown in Fig. 3. As a result the
effects on transport coefficients of various inelastic processes are more
clearly separated, Furthermore,since the onset of vibrational excitation occurs
at 0,516 ev, small percentages of H2 in Ar will result in an even larger relative
number of electrons trapped in the vicinity of the Ramsauer minimum for appro-
priate values of E/N. In this manner we are able to investigate the validity
of the rising part of the vibrational excitation cross section,

Figs. 4 and 5 exhibit a comparison of experimental and theoretical
values of w, Wy and € for mixtures of 1%, 1,5%, 4%, and 10% H2 in A, The
H2 momentum transfer and inelastic cross sections are the same as those shown
in Fig, l.and 7 of II. The argon momentum transfer and inelastic cross sections
uged are those shown in Fig, 1. As indicated above, the higher energy portion
of QmA was obtained by adjusting QmA to give a fit between the calculated and
measured values of w in a mixture of 107 H, and 90% A. The drift velocity in
this mixture is sensitive to the value of QmA at the higher energies because
for this case in the vicinity of the Ramsauer minimum 0,1 QmH > .9 QmA’ wheze
QmH is the momentum transfer cross sections of H2. As a result considerably

fewer electrons are trapped in the Ramsauer minimum and it is easier to



investigate the variations of QmA for energies greater than about 1 eV than
for the case of pure Ar alone. The comparison of experimental ard calculated
values of w for 10% ﬂz in Ar shown in Fig. 4 indicates that we have been able
to obtain satisfactcry agreement with the experimental data cf Erret, It
should be of value to repeat this evaluation of QmA using He-Ar mixtures,
since the complicaticns of inelastic collisions would not be Prasent,

The compzrison in Figs. 4 and 5 of the calculated and experimental
values of w, Yy and € for various H2-Ar mixtures shows gencrally gocd
agreement and indicates that our assumed crcse sections are reascnably con-
sistent with experiments. However, there are several regions of some
discrepancy which need to be considered, For ex2mple, we note in Fig, 4 that
for 1% H2 in A there is a discrepancy of as much as 15% witch thke values of
w measured by Erret for E/N values above about 6 x 10-17 V-cm':a A Z>mparison
of the w and €g curves for this mixture and for pure Ar showe thst this is
the same discrepan:y in w values that is present in Erret's dsta for pure Ar
for E/N abeve 3 x 10°17 V-cmz. However, in pure Ar the discrepancy with
respect to other recent data is much smaller sr in tha Spposite directicn,
This suggests the possibility of error in Erret's data at hizt. E/N. Since
this error does not appear to be present in Erret's pure H2 T puare N2 data,
we have assumed that the data for 107% H2-9OZ Ar used in the evsluation of
QmA is correct,

A second region in which we have consistently been unable to obtain

as good agreement between calculated and experimental drift velccities as we

might expect occurs in pure Ar and in H2-Ar mixtures for E/N such that
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€ 0.8 to 1.0 eV, The w data of Figs. 4 and 5 show that the maximum
discrepancy in this range of € varies from about 107 in pure Ar and in 107

H2 in Ar to abecut 20% in'1.5% H2 1h‘hr. This same discrepancy22 is seen in

- T

Lke Wy hata of Fig. 4. The presence of this discrepancy in the pure Ar data
fer €g near 1 eV suggests that we have rot feurnd the cptimum QmA curve for
energies belcw about 1 eV. We have not pursued this questicn further because
of the relative smallness of the discrepancy, the lack of recent € valuesg in
mixtures, and the repeated inconsistencies between what we consider tc be
reascnable creoss sections and the data of Tow—send and Bailey, This state
of affairs emphasized the desirability of accurate measurements -f w or Wy
and 2% for various H2~Ar mixtures,

In the case cf 4% H2 in Ar, we note that according t: Fig, & the
cross sections used in sur analysis lead to very good agreemert tetween the
calculated and experimental values of € This agreement is t¢ be compared
with the existence of diecrepancies of as much as 20% betweer. the cslculated
snd experimertal values of wnn This effect cculd be due tc the fz~t that WM
is¢ more sensitive to variations in Om than is € i.e., w depends :n integrals
-f I/ng where D depends on integrals of I/Qm.

It is possible to regard the results for various corncentratione as
a messure of the sensitivity of w, Vi and € t° changes in the ipelastic creoss
sectione for fixed concentration. For example, we observe tha: far E/N = !0'17Vncm2
a decrease of 33% in the effective vibrational cross sectisn caused by changing

the mixture compceition from 1.5% H2 in Ar to 19 H2 in Ar results in a 2z0% incresse

in cK and a 13% decrease in w,

ok d
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B. Advantages of Mixture Technique

Here we would like to make use of the results of the preceding
calculatiqns to 111u§trate graphically the manner in which argon serves to
improve the separagio; in energy of various inelastic collision processes.
For this purpose it is convenient to employ a combination of transport coeffi-
cients which has been shownl’2 to be a good measure of the cross section for
inelastic collisions. Thus we use the energy exchange collision frequency,
as defined by the relation

v /N ewE/N

N : (3)
u € kﬂk

For mixtures of H2 in Ar it is most appropriate to think in terms of a hydrogen

energy exchange collision frequency, [VU/N] , for a mixture of H, and Ar
H,-Ar ¥
2

which is a function not only of ¢, but also of the mixture composition, and

K
which is defined by the relation,

[12] .l["_u]_l_:_a[
N Hz-Ar a N T a

In Eq. (4) @ is the fraction of Hz in the mixture; [ vu/N ] is the total
T

=z !‘:<

] . (4)
Ar

energy exchange ccllision frequency for e mixture of H, in Ar, and is obtzined

2
by inserting into Eq. (3) the appropriate values as shown in Figs. 4 and 5;

and [ vu/N } is the energy exchange collisiocn frequency for pure Ar at the
Ar

same value of ¢, as v /N and v /N . To be truly meaningful
K “ H,-Ar ¢ T



2

]l3=

[- "u/“ ] should be much less than [ vu/N ] o This condition is fulfilled
- Ar T

for the mixtures and values of ‘K considered,

Shown in Fig. § are calculeted plots of [ v_/N ] for H2’ for
Y dyyear
1%, 1.5%, 4% erd 107 Hz-Ar, and for pure Ar, In the case o§ Ar we note that
[ vu/N ]A decreases up to cKCE'.IO eV because of the Ramsauer minimum, At
r
the poirt where excitation first begins to assume importance, i.e.,

eKCH 7.4 ev, [ v1/N ]A starts to increase extremely rzpidly, and the curve

z
is even multi-valued for a shert interval since € decreases slightly in the
region 6,0 x 107+ < E/N< 1.0 x 10716 V-cal,

For mixtures the curves of [ vu/N ‘indiczte clearly the
=Ar

effectiveness of Ar in seperating some of the Tnelastic processes, Irn particular
we wish to emphasize the improvement in the degrze to which the effects of
vibrational excitatior are acpareted from electronic excitation.23 As indicated
in I and II and shown in Fig. 6, the major contribution of vu/N fcr & < 0,3 ev

is due to rotationzl excitation., Im pure Ha the effects of vibrational excitation
are s=een for €y from 0.3 te about 1,5 eV where electronic excitation begips

to be lmportant., Fig., 6 shows that especially in the mixtures with low con-
centratione of H2, the vibrationral excitation dominatga up to an €k of 5 ev,
Therefeore, 1f more and better dxperimpental determinstions of w and €& for
mixtures were available, it should be possible to make an even more accurate

analysis of vibrational excitation thar has been previously posoible.l’a
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IV, SUMMARY AND CONCLUSIONS

In the preceding sections we have discu;séd the ‘determination of
the argon momentum transfer cross section from 0.7 to approximately 25 eV,
This cross section has been used in conjunction with previous results for
hydrogen to calculate transport coefficients for various H2-Ar mixtures,

For pure argon satisfactory agreement has been obtained between calculated
and experimental values of the drifc vélocity w, the "magnetic" drift velocity
Vpg? and the characteristic energy € On the other hand for mixtures of

H2 and Ar the picture is less satisfactory. In some cases the di;c;epancy
appears to be due to experimertal errozr, whereas in others it may be due to

& failure to determine the momentum transfer cross section for argon with
sufficient accuracy.

Unfortunately the analysis has been hampered by insufficient data.
For example, in the case of mixtures of H2 in Ar, only for 4% H2 in Ar is
there ©® data. Thus, a more complete and satisfactory analysis is predicated
upon obtaining additional experimental results for pure Ar and mixtures of
H2 and Ar, As a further inducemeat for the procurement of such date, it has
been demonstrated that improved seperation is attzined between processes such

as vibration and electronic excitation in HE‘
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A. E. D, Heylen and T. J, Lewis, Proc. Roy. Soc. (London) A271, 531 (1963).
In Fig, 6 of this reference, curves b and ¢ quoting the results of Golant

(see referencé 22) are improperly norm-nlized, and should be multiplied by
o
1/2
10,0/11,5 in order that €'" f(e) de = 1,
o

Ve E. Golant, Zhur, Tech, Fiz, 21, 756 (1957); 29, 756 (1959) [trans-

lation: Soviet Physics - Technical Physics 2, 684 (1957); 4, 680

(19598 .

However, this correlation of discrepancies in Wy on the basis of € values

is not unique, Figures 2 and 4 show that for both pure Ar and 4% l{2 in

Ar the calculated values of wy are higher than the experimental results

near E/N = 10" yoca®,

Although the data of Fig. 6 also seems to indicate that analysis of
[vu/N]H N should yield more accurate cross sections for rotational

excitation, t;e increased values of the energy exchange collision frequency

for € < 0,15 eV are due in part to the rapidly decreasing QmA and the

resultant broadening of f(e¢). This is in contrast to the region where

vibrational excitation is dominant, and where the increasing QmA leads

to a narrowing of f(e).
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Momentum transfer and inelastic collision cross sections for electrone
in argon as a function of electron energy in eV. QmA (solid line) is
our final value of the momentum transfer cross section and QmT {dashed

line) is a trial value.

Drift velocity w, magnetic drift velocity iy and characteristic eaergy
€x for electrons in argon as a2 function of E/N. Below € ™ 0.5 ev

the experimental data shown is for gss temperatures Tg of 77% ané 37%

as discussed in the text. Above € = 0.5 eV and for Tg < 3000K the

values of w, Wy? and €y are insensitive to Tg. The solid and daghed
curves represent our calculated results using QmA and QmT respectively;

the points represent the various experimental results.

Energy probability function F(e) for electrons in argon as a2 functicn

1/

of energy ¢ in eV¥. Since F(¢) ~ ¢ ¢ f(e), F(e} de is the probebility

of aa electron having an energy between ¢ and ¢ + de. The results of

-16

9
our calculations are shown as a solid line for E/N = 4.0 x 10 Jecm™

and & = 9.6C eV. The F(e) of Heylen and Lewis is plotted as a dotted

line for E/N = 4.24 V-cm2 and g = 13.4 eV. The difference of approxi

mately 5% in the two values of E/N considered by itself leads to oniy
very minor chenges in F(¢). For illustrative purposes we display éouv

LIV
e = 9.60 eV the Maxwellian F(¢) given by Fle) = 2 (elﬂté)“/‘ exnf ¢/

where ¢ and € are in ev.



Fig. 4

Fig. 5

Fig. 6

Dxift velocity w, magnetic drift velocity Wy and characteristic energy
€z a8 a function of E/N for electrons in mixtures of 1%, 4%, and 10%
H2 in Ar, The solid, dashed, and dotted curves represent our calculated
results for 1%, 4%, and 10% H.2 in Ar respectively, The various experi-
mental data are shown as points,

Drift velocity w and characteristic emergy & for electrons in a
mixture of 1,5% H, in Ar as a function E/N. The solid lines represent
our calculations for T8 ~ 77°K and the dashed ones for T8 = 300K,

The experimental results of Pack and Phelps are shown as points,
Calculated energy exchange frequency vu/N for Ar, !12, and 1%, 1,5%,

4%, and 107 K, in Ar at T, = 77% as a function of ¢ in eV, In the
case of the mixtures v /N is obtained using Eq. (4). For Ar, vu/N

is shown increased by a factor of 100,
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€K for argon

Cumve 366787

Drift velocity w, magnetic drift velocity w,, and characteristic energy
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CURVE 566760

Drift velocity w, magnetic drift velocity Wy ond characteristic energj} €K
for 1%,4%, & 10% Hy in Ar
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Drift velocity w and characteristic energy e for 5% H, in Ar
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CURVE 866759

Energy exchaonge frequency (*4/N) for Ar, Ho, and 1%
15%,4% and 10% Hy in Arat T=77°K
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